In this comparative study, the impact of two microbial protective mechanisms against simulated UVA disinfection was assessed by using protocols previously developed for UVC disinfection assays. (i) The impact of natural microorganism aggregation and attachment to particles was assessed by targeting total coliform bacteria in natural surface water samples. (ii) The impact of bacteria internalisation by zooplankton was assessed by using C. elegans nematodes as a model host and E. coli as a bacterial target for UVA inactivation. Dispersion of natural aggregates by blending prior to UVA exposure was shown to enhance the inactivation rate of total coliforms as compared to untreated raw water. Removal of particles by an 8-mm membrane filtration did not improve UVA disinfection efficiency. Twenty-four per cent of the highest applied UVA fluence was found to reach internalised E. coli in nematodes. Both aggregation and internalisation showed similar impact as protective mechanisms against UVA and UVC bacterial inactivation.
INTRODUCTION
Solar disinfection is a promising technology which is being increasingly used for providing drinking water in developing communities. SODIS is a simple application of solar disinfection performed in commonly available polyethylene terephthalate (PET) bottles and now recognised by the WHO as an appropriate technology for disinfecting drinking water at the household level (WHO/UNICEF 2000). SODIS relies mostly on the UVA portion of the natural sunlight spectrum, as UVC radiation does not reach the surface of the Earth (Diffey 1977) and UVB rays are mostly blocked by the PET plastic bottle (Wegelin et al. 1994 (Wegelin et al. , 2001 . Artificial UV disinfection is widely used in water treatment plants of industrialised countries. It is performed by producing UVC radiation at the most germicidal wavelengths of the spectrum (typically 254 nm for low pressure lamps). In spite of both processes relying on photolysis, research on solar and UVC disinfection has rarely been paralleled. The mechanisms responsible for inactivation are in fact different. Inactivation arising from UVC photons is thought to originate from DNA dimerisation which inhibits reproduction of microorganisms (Mitchell & Nairn 1989) while UVA disinfection alters microorganisms through the photo-oxidation reactions of nucleic acids via reactive oxygen species (Miller et al. 1999) .
UV disinfection can be compromised by the presence of particles or the aggregation of microorganisms which may offer them protection against irradiation. These issues became a concern in drinking water applications since UVC is often applied to unfiltered surface waters. A minimal impact of turbidity was previously reported for values below the 5 NTU threshold used in most drinking water guidelines (Caron et al. 2007; Templeton et al. 2009 ). However, it appears that particles, interference with UVC inactivation is not well described by turbidity: UV inactivation of microorganisms seeded in high turbidity waters (wastewaters or artificial turbidity induced with kaolin) was not strongly impacted (Passantino et al. 2004; Li et al. 2009 ). It is not so much the concentration of particles as the actual attachment of microorganisms to the latter that will dictate the overall impact on UV performance (Caron et al. 2007) . For solar disinfection, it has been recommended that SODIS be applied for waters with turbidity lower than 30 NTU (EAWAG/SANDEC 2010). However, most solar disinfection studies assessing the impact of turbidity were achieved with artificially added turbidity (Joyce et al. 1996; Kehoe et al. 2001) . In these studies, the thermal component of the process (T14551C) was found to compensate for the loss of UVA transmittance in turbid water samples, therefore allowing high inactivation in waters with artificial turbidity as high as 200-300 NTU. McGuigan et al. (1998) suggest that solar disinfection, unlike thermal inactivation, is clearly impacted by high turbidity. Additional assays are warranted to evaluate the impact of natural turbidity on UVA irradiation while excluding the role of pasteurisation on the process performance.
Apart from the impact of particles and aggregation, microorganisms can also find enhanced survival conditions by associating with higher organisms. Many human bacterial pathogens invade amoebae or other protozoa (Barker & Brown 1994; Winiecka-Krusnell & Linder 1999; Greub & Raoult 2004) , in which they can proliferate and benefit from a protection against harsh environmental conditions. Other higher organisms such as nematodes, rotifers and cladocerans have been reported to feed on a variety of waterborne pathogens in laboratory conditions, which resulted in some cases in the subsequent transport of internalised pathogens and their protection against disinfection, as reviewed by Bichai et al. (2008) . In UVC disinfection, internalisation by nematodes has been demonstrated to partially protect E. coli bacteria and B. subtilis spores against irradiation, with B85% protection at a typical UV fluence of 40 mJ/cm 2 . To our knowledge, the impact of internalisation on UVA inactivation has never been studied.
In this study, a comparative evaluation of microbial protection mechanisms on solar and UVC performance was initiated. A synergistic effect of heat in solar disinfection has been reported when water reaches temperatures above 45-501C (Wegelin et al. 1994; McGuigan et al. 1998) . However, in this study, the emphasis was put on evaluating the impact of bacterial protection mechanisms on the optical inactivation achieved by UVA irradiation, and the thermal inactivation component of the process was excluded from our experiments. This allows a fairer comparison between UVC and UVA optical disinfection processes, which are hypothesised to be similarly impaired by physical shielding. Two sets of experiments were conducted in order to assess the impact of two types of microbial protective mechanisms in solar disinfection: (i) aggregation of microorganisms and attachment to particles, and (ii) internalisation of microorganisms by higher organisms. This project took advantage of disinfection protocols which were developed in our group and used to test the impact of turbidity (Caron et al. 2007 ) and internalisation (Bichai et al. 2009 ) on UVC inactivation. Therefore, identical assays were conducted with simulated UVA irradiation in order to test the hypothesis that the protection effects for both types of irradiation were similar.
MATERIAL & METHODS
In the first series of assays on turbidity, river water samples were treated more or less extensively to allow distinguishing the impact of particle removal and dispersion of aggregates on the efficacy of UV disinfection. Indigenous total coliforms were selected as the target microorganisms as they were present at sufficiently high concentrations to allow performing disinfection without the need for spiking the water samples. This approach provides more representative conditions, as the organisms are found in their natural state of aggregation and association to particles. For microbial internalisation assays, E. coli was used as a target for disinfection. Caenorhabditis elegans nematodes were used as a model host for internalised bacteria. Co-cultures were prepared by feeding nematodes with E. coli plated on agar. Co-suspensions were prepared to be exposed to UVA radiation. A sonication protocol was used to disrupt nematodes in order to extract and recover internalised E. coli bacteria before or after exposure to UVA irradiation. Both protocols are described in greater detail in the following sections.
UVA irradiation and fluence rate measurement
Inactivation assays were conducted using a 15-W UVA lamp with a peak emission at 365 nm (UVP, Upland, CA). Fluence rate was measured with a radiometer (IL1400A, International Light, Newbury, MA) calibrated against a NIST standard with a precision of 76.5%. The required irradiation time for a given fluence was calculated based on the fluence rate corrected according to the standard method proposed by Bolton & Linden 2003 . Absorbance was measured with a spectrophotometer (Cary 100 Scan UV-Visible, Varian, Victoria, Australia) equipped with an integrating sphere (Labsphere, North Sutton, NH). To allow the irradiation of large volumes of water (50 mL), Petri dishes of 9 cm diameter were used. With this configuration, water depth was 1 cm. Suspensions were exposed to the UVA lamp in gently stirred, open Petri dishes.
Assays on the impact of aggregation and attachment

Surface water sampling
Raw water samples were collected from the Mille-Iles River on four occasions during the summer months of 2008. Each sample was characterised for the following physico-chemical parameters: turbidity, pH, alkalinity, hardness, particle counts, TOC and UV absorbance at 254 nm (standard) and 365 nm (UVA lamp emission peak).
Dispersion protocol
The protocol used to assess the impact of aggregation of microorganisms and attachment to particles was elaborated by Caron et al. (2007) . The protocol allows a comparison between three conditions: (i) non-dispersed microorganisms (ND): raw water samples are submitted to UVA irradiation without any pre-treatment, after which the samples are blended (as described later) to disperse the naturally occurring coliform aggregates prior to enumeration; (ii) dispersed microorganisms (D): samples are blended prior to UVA irradiation to evaluate the role of coliform aggregation and/or embedment on UVA inactivation; and (iii) filtered microorganisms (F8): samples are filtered through 8-mm pore membranes, after which the filtered samples are irradiated and then blended to disperse coliforms prior to enumeration. Dispersion is achieved by blending (Blender 7012S, Waring, Torrington, CT) the water for 4 minutes at 8,000 rpm with 100 mg/L Zwittergent 3-12 (Sigma Chemical Co., St Louis, MO). Two-minute rest intervals follow each minute of blending to minimise any increase in water temperature and the presence of foaming. While the dispersion protocol developed by Caron et al. (2007) was targeting indigenous spores of aerobic spore-forming bacteria with UVC disinfection, a different target was selected in UVA experiments, since indigenous spores did not allow measuring sufficient inactivation levels to compare inactivation kinetics for the purpose of this study (results not shown). In fact, spores are extremely resistant to solar disinfection (Gill & McLoughlin 2007; Boyle et al. 2008) . Total coliforms were chosen as a common indigenous bacterial indicator occurring in sufficiently high concentrations in surface water and with a similar solar disinfection resistance as for other indicators and pathogens commonly targeted in solar disinfection studies such as E. coli and bacteriophages, as well as Salmonella typhimurium, Shigella and Enterococci faecalis (Gill & McLoughlin 2007) .
UVA inactivation
The suspensions were exposed to UVA radiation for various exposure durations, leading to UVA doses between 10 and 35 J/cm 2 . Such fluences represent exposure to strong solar radiation for durations of approximately o1 to 3 h (UbombaJaswa et al. 2009).
Assays on the impact of internalisation
The nematode Caenorhabditis elegans has been shown to ingest and vector a variety of human pathogens and is commonly used as a biological model to investigate host-pathogen interactions (Bichai et al. 2008) . A protocol was developed to (i) feed nematodes with the target organism E. coli, (ii) irradiate the co-suspension with the UVA lamp, and (iii) recover the internalised bacteria using sonication for nematode disruption and plate culture for bacterial enumeration. The complete detailed protocol for nematode culture and co-suspension preparation with E. coli for inactivation assays is described in Bichai et al. (2009) . A strain of E. coli expressing the green fluorescent protein (GFP) was used, which allowed visualisation of internalised E. coli inside the gut of C. elegans by epifluorescence microscopy for qualitative control.
Preparation of nematode -E. coli co-cultures
A wild type strain (N2) of C. elegans was used in this study. Worms were maintained on 5-mm NGM agar plates. GFP-E. coli OP50 was cultured at 371C for 24 h in L-Broth. The NGM agar was surface inoculated with 0.1 mL of a 24-h culture of E. coli OP50 -GFP and incubated at 371C for 24 h to establish confluent growth before transferring the worms. Nematode cultures were synchronised following the protocol described in detail in Bichai et al. (2009) in order to obtain an age-homogeneous population of nematodes for performing the inactivation assays. Eggs were then deposited on the surface of an NGM agar plate on which a lawn of E. coli OP50 -GFP had formed, and the plates were incubated at room temperature for 3 days to obtain adult worms. Nematodes collected on the third day of incubation were used in all disinfection assays.
Preparation for UVA inactivation assays
The experimental protocol described hereafter was replicated on three successive weeks. Each replicate disinfection assay was performed using new synchronised worm cultures. Recovered suspensions were transferred into one sterile 50-mL centrifuge tube and sterile phosphate buffer was added to yield a final volume of 50 mL. The suspension was washed repeatedly by centrifugation and resuspension in sterile phosphate buffer to reduce chlorine demand. The obtained suspension was homogenised by gentle vortexing and then analysed to measure the initial concentration of bacteria and nematodes. Suspensions were chlorinated using sodium hypochlorite prior to UVA inactivation assays in order to surface-sterilise the worms and inactivate bacteria that had not been ingested, as suggested previously by many authors (Smerda et al. 1970; King et al. 1991; Ding et al. 1995; Lupi et al. 1995; Caldwell et al. 2003; Laaberki & Dworkin 2008) . Chlorination was performed at a dosage of 10 mg Cl 2 /L for 5 min, then free and total chlorine residuals were measured using the DPD colorimetric method (American Public Health Association (APHA) and American Water Works Association (AWWA) (1998)). Chlorine residuals were quenched by adding 0.1 mL of sodium thiosulfate (5% W/V). Chlorination showed no effect on worm viability, as they were observed to maintain motility in the chlorinated suspensions. In addition, free chlorine residuals measured at the end of chlorination treatments indicated minimal chlorine demand from the suspension.
Nematode disruption protocol
Ultrasonication was used in order to rupture the cuticle of C. elegans and release ingested organisms. For UVA inactivation assays, half of the suspension was sonicated before UV exposure and bacterial enumeration, while the other half was sonicated after UV exposure, prior to bacterial enumeration. This strategy allows a better characterisation of the protection effect provided by internalisation. It allows (i) a comparison of samples that have been submitted to identical treatments (but in a different order) and (ii) a comparison of the inactivation by UVA of bacteria located inside nematodes versus inactivation of planktonic bacteria (without nematodes). Sonication on ice was performed in 5-mL sub-samples of worm suspension in glass vials using an ultrasonication probe (Cole Parmer, CP 70T) at 15 W for 60 s. The optimal sonication protocol was chosen according to Bichai et al. (2009) , with the objective to disrupt all the worms without inactivating the extracted E. coli bacteria. After sonication, a 1-mL sample was filtered (0.45 mm filter, 47 mm, Millipore) and the entire surface of the filter was observed at 200 Â under the microscope to confirm that all worms had been disrupted.
UVA inactivation
The suspensions were exposed in open Petri-dishes (9 cm diameter) to UVA fluences of 0.70 and 5.60 J/cm 2 . In order to assess the impact of the presence of worms and worm debris in the irradiated samples on the performance of UV disinfection, pure planktonic E. coli bacteria suspension (i.e. in the absence of nematodes) was added to phosphate buffer and exposed to the same UVA fluences.
In order for bacteria to remain as much as possible inside the worms throughout the duration of a complete assay, samples were kept at 41C between all steps of the protocol to slow down all metabolic processes associated with C. elegans digestion (Kenney et al. 2005) . Samples were filtered for bacterial enumeration immediately after the last UV exposure and sonication steps to prevent any possible effect of photoreactivation. For the analysis of initial concentration of bacteria, all samples that were not sonicated, i.e. untreated samples and chlorinated samples, were filtered on a 10-mm isopore membrane filter (# TCTP04700, Millipore) in order to remove nematodes and therefore prevent defaecation of viable bacteria on the culture medium during the 24-h incubation period, which would interfere with the enumeration of external (uningested) bacteria. The 10-mm membrane filter was shown to effectively retain nematodes without significantly reducing the concentration of planktonic bacteria in the sample.
Bacterial enumeration and nematode counts
Nematodes were counted by filtering 1 mL of the suspension on a 0.45 mm filter (Millipore, 47 mm) which was observed under the microscope at 200 Â . The entire filter surface was observed. E. coli and total coliform bacteria were enumerated on duplicate m-Endo agar plates after filtering 1 mL of appropriate dilutions on 0.45 mm filters (Millipore, 47 mm). Petri dishes were incubated at 351C for 24 h, based on the standard method for enumeration of total coliforms (American Public Health Association (APHA) and American Water Works Association (AWWA) (1998)).
RESULTS & DISCUSSION
Impact of aggregation and attachment
Physico-chemical quality parameters of the Mille-Iles River water samples are presented in Table 1 . Natural water turbidity (ND samples) varied between 7.6-18.9 NTU and particle counts were B10 5 /mL and 10 3 for particles 42.25 mm and 410 mm, respectively. Such turbidities reflect appropriate water quality for the use of SODIS according to EAWAG/SANDEC (2010). The blending procedure (D) (#/mL)
Particles 410lm
showed little impact on water turbidity and particles, while the filtration (F8) step lowered turbidity to about half of its value (3.4-7.9 NTU) as compared to raw water and lowered 42.25 mm particle counts by about two orders of magnitude, while 410 mm were reduced to concentrations of 10 1 -10 2 particles/mL. Particles 410 mm are particularly prone to protecting total coliform bacteria against UVC disinfection, as reported by Templeton et al. (2009) . UV absorbance of water samples was found to be much lower at 365 nm than for the wavelength of 254 nm. In fact, UV absorbance at 365 nm was not found to influence significantly the effective UVA dose delivered through the 1-cm deep water samples. Blending was shown to increase coliform counts in raw water by a ratio of B1.4 during preliminary testing (data not shown). This is coherent with results obtained in similar experimentations conducted by Caron et al. (2007) in which the ratio of aerobic endospores in dispersed vs. nondispersed raw water was approximated to 1.5. These authors used the exact same dispersion protocol and material as were used in the present study and showed that the dispersion protocol did not affect the viability of indigenous spores analysed from raw surface waters. This protocol was inspired by similar methods used in wastewater UV disinfection assays targeting coliform bacteria. Parker & Darby (1995) reported an even higher release ratio of about 3 for total coliforms released from wastewater flocs by blending at higher mixing speed (19,000 rpm). Dispersion was therefore shown not to affect the viability of coliforms and was found to increase coliform counts, indicating that a fraction of coliforms were indeed aggregated in the raw water.
Total coliform inactivation by UVA for the three treatments applied in the aggregate dispersion/particle removal protocol is presented in Figure 1 (each point shows the average of triplicates). Log inactivation was calculated as Àlog (N/N 0 ), with the controls (N 0 ) treated in the identical manner as the other experimental measurements (N) with the exception of the UV exposure. Therefore, three N 0 values were used, one for each treatment (D, ND, F8), when describing the inactivation curves. The Log inactivation was calculated as Àlog (N/N 0 ).
We observed equivalent inactivation kinetics for untreated samples and filtered samples (p ¼ 0.27), while dispersed samples were inactivated roughly 1.6 times more efficiently, with a p-value o0.05 (Student t-test). This result suggests that the protection is mostly attributable to bacterial aggregates rather than particles association, since only dispersion favoured a higher inactivation rate. These results partly contrast with the ones of Caron et al. (2007) , who studied the UVC inactivation kinetics of indigenous spores in water samples originating from the same river (and sampling location) and treated with the same dispersion protocol. They reported the highest inactivation rate in filtered water, followed by dispersed water with the blending protocol, with the slowest inactivation being found in untreated raw water. A 1.7-fold difference was calculated between the highest (filtered) and lowest (untreated) water samples. Their result is indicative that a fraction of indigenous endospores are not only found as aggregates but also associated to particles. Nevertheless, the overall impact on UV inactivation remains modest in both studies.
Impact of internalisation
Results of triplicate internalisation experiments with UVA radiation showed as good reproducibility as was obtained for UVC experiments (Bichai et al. 2009) , and are illustrated in Figure 2 .
In both UVA and UVC experiments, the presence of nematodes was shown to interfere with the efficacy of UV inactivation. However, for each of the triplicate assays at both UVA fluences, inactivation was found to be lower when the worm samples were sonicated prior to UVA exposure than when sonication was performed after UVA irradiation of the samples (Figure 2a ). This result was unexpected, as it is different from the observations of Bichai et al. (2009) for UVC irradiation (Figure 2b ). We propose that the presence of nematode debris in the suspension exposed to UVA radiation interfered more with E. coli inactivation by UVA than did internalisation. UVA photolytic disinfection mechanism has been reported to be influenced by water It can be hypothesised that the sonication treatment applied to the nematode suspension prior to UVA irradiation might have changed the organic water characteristics due to the disintegration of the worms in the suspension. Therefore, the disruption of nematodes before UVA may have induced the presence of organic debris favourable to the formation of free radical species, although we did not validate this assumption or fully characterise the suspensions of disrupted worms. The estimated fractions of UV irradiation reaching internalised organisms were calculated based on UVA and UVC assays. The average UV penetration (in % of applied fluence) reaching the internalised organisms is calculated as the ratio of the log inactivation measured for internalised E. coli to the log inactivation of planktonic E. coli (reference inactivation level in the absence of nematodes). This is meant as an average representation of the protection effect due to internalisation by nematode. E. coli UVC experiments led to the calculation that B76% and 16% of the applied fluences of 5 mJ/cm 2 and 40 mJ/cm 2 actually reached internalised cells. For UVA assays, the calculated ratios were similar: 83% for the low fluence of 0.70 J/m 2 and 24% for the higher fluence of 5.60 J/m 2 UVA. For both UVA and UVC experiments, higher ratios (76-83%) were calculated at the lowest than at the highest fluences (16-24%). At the lowest fluence, uncertainty was larger due to the lower inactivation which translates into wider confidence intervals. It could also be argued that the physical protection offered by nematodes is more important for low fluence. In all cases, it may be concluded that internalisation by nematodes offers some protection to bacteria against simulated solar (UVA) disinfection. Locas et al. (2007) reported an unexpected survival of total coliform bacteria in a chlorinated distribution system which was related to predation and transport by nematodes from the water treatment plant into the distribution system. Nematodes, among other higher organisms, are known to be able to internalise and carry viable microorganisms through water systems and disinfection processes. In this study, nematodes were cultured in the laboratory at room temperature, which can be thought as representative of natural conditions. However, internalisation of a high number of bacteria was favoured in the laboratory culture conditions by exposing nematodes to high concentrations of E. coli bacteria, and thus our results represent extreme conditions. The occurrence of internalised bacteria in environmental conditions is certainly lower when co-culture is not purposely established. To predict performances of UV disinfection processes, it would be required to better assess the occurrence of internalised pathogenic (or indicator) bacteria in field conditions, which presents high methodological challenges. Preliminary data on that topic have been obtained by Bichai et al. (2010) and Wolmarans et al. (2005) .
As for the impact of aggregation and particle attachment, it has already been suggested to limit the amount of particles 410 mm in waters exposed to UVC radiation (Caron et al. 2007 ). In the case of solar disinfection, we believe that further experiments should be conducted to better characterise the impact of such protective mechanisms and eventually suggest some possible adaptations to the field application of the SODIS process accordingly. 
CONCLUSIONS
In this study, the impact of two microbial protective mechanisms against simulated UVA disinfection was assessed, with the objective to compare the results with past UVC disinfection studies performed using identical protocols.
(i) The impact of natural microorganism aggregation and attachment to particles was assessed by inactivating total coliform bacteria in natural surface water samples (turbidity 7.6-18.9 NTU and particle counts B10 5 /mL for particles 42.25 mm). Dispersion of natural aggregates by blending prior to UVA exposure was shown to enhance the inactivation rate of total coliforms as compared to untreated raw water, therefore suggesting a similar protection effect due to aggregation of microorganisms in UVA and UVC disinfection processes. Removal of particles by an 8-mm membrane filtration was not shown to enhance UVA inactivation rate of coliforms as opposed to UVC disinfection. (ii) The impact of internalisation of bacteria by higher organisms was assessed by using C. elegans nematodes as a model host and E. coli as a bacterial target for UVA inactivation. Only B24% of an applied UVA fluence of 5.60 J/m 2 actually reached internalised E. coli bacteria. We conclude that a similar level of protection is offered to E. coli following ingestion by nematodes against both UVA and UVC irradiation.
In both parts of this study, only slight differences were found with regards to the role of protective mechanisms against UVA and UVC bacterial inactivation. While the impacts of physical shielding due to bacterial aggregates or due to internalisation inside nematodes were found to be similar for both UVA and UVC disinfection, the influence of particles and nematode debris on UVA and UVC was significantly different. A deeper analysis of the role of water composition in both protocols could further characterise and identify the influence of organic or inorganic compounds involved in the UVA photooxidative inactivation process.
